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Abstract
Most prior visual evoked potential (VEP) research on the development of color vision has employed pattern-reversing stimuli
that are not optimal for producing chromatic responses. We measured infant VEPs using low spatial frequency, onset–offset
stimuli, modulated along the three axes of a cone-based color space (Derrington et al. [J Physiol 1984;357, 241–265.]). Three
color-normal infants were tested in a longitudinal design over the first postnatal year. One red:green color-deficient infant was also
tested at 197 days. We found that VEP responses to S-axis (tritan) stimuli have their initial onset later than responses to red:green
(L–M) or achromatic stimuli, and that developmental changes in VEP waveforms are more complex and longer lasting for
chromatic than for achromatic stimuli. Possible mechanisms underlying these changes are discussed. © 1998 Elsevier Science Ltd.
All rights reserved.
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1. Introduction
To date, investigations of the development of infant
color vision using visual evoked potentials (VEPs) have
most often employed red:green pattern-reversing stim-
uli [1–4] or transient reversals [1,5,6]. Yet in adults, it is
well-known that onset–offset stimuli produce much
larger and more distinctive responses to chromatic stim-
uli [7–15]. These studies show that a step onset–offset
(of 100–200 ms duration) of a low spatial frequency
iso-luminant grating (:1 cpd) is optimal for producing
large responses to chromatic stimuli [8,9,13], while
achromatic pattern reversal favors responses from lumi-
nance mechanisms. The latency and shape of the chro-
matic onset VEP waveform varies systematically with
color direction and contrast, and with spatial and tem-
poral parameters [13].
In the present experiment, we have applied the on-
set–offset paradigm to the study of chromatic VEPs in
infants. We expected that the onset–offset paradigm
would reveal large responses to chromatic stimuli in
infants, and would preserve more information about
developmental changes in the character of the VEP
waveform. In addition to the achromatic and red:green
stimuli used in prior infancy studies, we included stim-
uli (S-axis) designed to favor the early blue:yellow,
tritan, or S–(LM) color mechanism [16]. A longitu-
dinal design was used, with the hope that a continuity
of responses within the individual infant from one age
to the next would provide useful information concern-
ing the development of VEP waveforms.
We will address the following questions: (1) How do
the VEP onset waveforms elicited by adult achromatic,
L–M, and S-axis stimuli change during development,
and evolve into the adult waveforms? (2) To what
underlying causes can these changes be ascribed? (3) To
what extent do stimuli modulated along the adult
achromatic, L–M, and S-axes isolate the correspond-
ing mechanisms in infants? and (4) How do onset VEP
data compare with our understanding of the develop-
ment of luminance and chromatic mechanisms derived
from previous data?
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2. Methods
2.1. Subjects
Longitudinally tested subjects were three infants born
to families with no known color deficiencies. Two adult
subjects (authors JK and MC), fathers of two of the
infants, were also tested. One additional infant who was
an obligate red:green color deficient was tested at 197
days as a control.
2.2. VEP recording
VEPs were recorded differentially using a VENUS
recording system (Neuroscientific, Farmingdale, NY).
Electrodes were pasted along the midline at Oz (active),
Cz (reference) and midway from Cz to Oz (ground)
with electrode cream (Elifix). Responses were amplified
20000 times and filtered from 0.3 to 100 Hz. Signals
were digitized at a rate of 283 Hz.
2.3. Stimuli
Stimuli were generated on a Mitsubishi CRT (model
HL6605 ATK). A Gamma Scientific Spectroradiometer
was used to calibrate the monitor and photometric
values were measured by a Minolta TV analyzer. Pat-
terns were composed of 0.5 c:deg horizontal sine wave
gratings subtending 21°, viewed at 60 cm, and presented
in an onset–offset mode (on—200 ms, off—800 ms).
To selectively activate the b:y, r:g and luminance mech-
anisms, our patterns were defined by colors falling
along cardinal directions in the adult, cone-based color
space described in [17].
Stimuli were modulated around white (CIE:
0.340, 0.360) while keeping the mean chromaticity and
luminance (51.5 cd:m2) constant. Cone contrasts were
set to the maximum available from the monitor for the
chromatic conditions: L–M : L8.7%, M17%, and
S : 81%. The achromatic contrast (14%) was chosen to
approximately the root mean square (rms) of the maxi-
mum cone contrast along the L–M axis. Although the
luminance mechanism is defined as a sum of weighted
LM cone activation, such stimuli do not necessarily
silence the S–(LM) mechanism. Therefore, achro-
matic (SLM) stimuli were chosen to uniquely
modulate the luminance mechanism.
Cone activations and isoluminance were calculated
from the Smith and Pokorny [18] fundamentals and the
Judd-corrected CIE luminosity function. Use of the
adult luminosity function to calculate infant isolumi-
nance is supported by the results of Bieber et al. [19],
who showed that the shape of the infant VEP-based
photopic luminosity function is well-described by that
of the adult.
Ideally, modulation along the S, L–M and achro-
matic axes of this space uniquely modulate the S cones
(thus the S–(LM) mechanism), the L and M cones
in opposition keeping the summed activation constant
(thus the L–M mechanism), and the S, L, and M cones
in synchrony (thus the achromatic, or luminance mech-
anisms), respectively. More realistically, complete isola-
tion of these three mechanisms is probably not achieved
in individual adults, let alone in infants; but stimuli
modulated along the three axes certainly strongly favor
each of the three mechanisms in turn. We return to this
point in Section 4.
2.4. Procedure
Testing began within the first postnatal month. In-
fants were tested weekly for 3–4 months, and then at
2–4 week intervals thereafter. Waveforms were
recorded for S, L–M, and achromatic patterns during
an awake and attentive state. VEPs were averaged over
30–60 presentations for each condition. Each condition
was recorded one to four times during a session.
3. Results
Waveforms recorded from three infants and two
adult control subjects, in response to achromatic, L–M
and S-axis stimuli, are shown in Figs. 1–3, respectively.
The characteristics of the chromatic and achromatic
waveforms described below also hold for 11 infants
tested cross-sectionally to date (not shown). Because
adult responses (top) to these stimuli were always much
smaller than were infant responses, they are scaled
independently as indicated. Age of the subject in days is
indicated next to each waveform. The first, second and
third positive peaks of the VEP waveform are labeled a,
b, c; d, e, f; and g, h, i, respectively, on the topmost
infant waveforms in each figure. Note that the first
positive components d and g were reliably observed in
the chromatic responses only at the earlier ages. Trends
in amplitude and latency of these peaks are described
here, and summarized quantitatively in Fig. 4 below.
Fig. 1 shows responses to achromatic stimuli. The
adult responses to these low spatial frequencies are
generally small, complicated and variable between indi-
viduals, even at high contrasts. The poor response to
low spatial frequency achromatic onsets has been noted
previously [13,20,21] and is probably a reflection of the
band-pass tuning of the achromatic mechanisms. The
most reliable feature of the adult waveforms is the
positive peak at around 100 ms.
In the early postnatal weeks, the infant achromatic
responses are dominated by a positive component (a) at
110–180 ms, which decreases to the adult latency of
100 ms by about 50 days postnatal. A second positive
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Fig. 1. VEP waveforms obtained to the onset of low contrast (19%) 0.5 c:deg achromatic gratings for three infant subjects (Sam, Jeff and Erin)
tested longitudinally. Adult waveforms are shown above for comparison (MC, JK) on a different vertical scale. The onsets (at time0) and offsets
(at 200 ms) of the stimuli are indicated. The infants’ ages in days at the time of recording are indicated next to each waveform. The major positive
peaks in the waveforms are indicated in the top waveforms as a, b, and c. Low contrast achromatic waveforms were obtained only from Erin prior
to week eight. For a complete high contrast achromatic series obtained from all three infants, see [22].
component (b) begins to appear at about 80 days and
asymptotes at a latency of about 200 ms at about
200 days. A third component (c), which probably in-
cludes the off response, also appears at about 50–60
days and after an initial rapid decrease in latency over
days 50 to 100, slowly decreases in latency until about
day 300.
Fig. 2 shows waveforms obtained using stimuli mod-
ulated along the L–M (red:green) axis. As seen in
previous studies, the adult L–M responses lack a sig-
nificant positive component at 100 ms, and instead
feature a prominent negative wave, the latency of which
varies from about 100 to 200 ms. Sometimes the nega-
tivity is followed by a later positive wave that is not
necessarily the offset response [13].
The developmental changes for the L–M waveforms
are more complex than those for the achromatic wave-
forms. The L–M waveforms in general lack the charac-
teristic positive peak near 100 ms seen by 50 days in the
achromatic waveforms. Many components of the re-
sponse change independently from one another. For
example, an early positive peak (d) in the response
appears at a young age, does not shift much in latency,
and eventually disappears in the later infant and adult
responses. There are also large slower components
(peaks e and f) that appear later in development. The
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Fig. 2. VEP waveforms obtained to the onset of L–M-axis gratings. The major positive peaks are indicated in the top waveforms as d, e and f.
Other details as in Fig. 1.
latencies of these major components are still changing
at one year. In addition, the waveforms at one year of
age are triphasic and clearly still different from the
biphasic adult waves.
Fig. 3 shows the waveforms obtained for stimuli
modulated along the S-axis. The S-axis responses only
begin to be reliable at about 50 days postnatal, but then
grow rapidly in amplitude. Shortly after reliable S-axis
responses are observed, they are easily distinguished
from the achromatic waveforms, most noticeably by the
lack of the positive peak (g) near 100 ms. The S-axis
waveforms are also different from the L–M-axis wave-
forms until about 50–70 days postnatal, when both
chromatic responses begin appearing triphasic. As
with the L–M responses, the developmental changes
are more complex than are the responses to achromatic
stimuli. Any small positive components at about
140–180 ms (peak g) seen early in development disap-
pear in the later waveforms. The later components
(peaks h and i) continue to change until at least 1 year
of age.
Fig. 4 summarizes the quantitative changes in the
latencies and amplitudes of the first three major re-
sponse peaks from Figs. 1–3, for all three longitudinal
subjects. In general the latencies tend to decrease, while
the amplitudes increase, over the first year. The ampli-
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Fig. 3. VEP waveforms obtained to the onset of S-axis gratings. The major positive peaks are indicated in the top waveforms as g, h, and i. Other
details as in Fig. 1.
tudes of the chromatic responses start out small, but by
about 80 days exceed those of the achromatic
responses.
Fig. 4A and B show latencies and amplitudes, respec-
tively, for responses to achromatic stimuli. The laten-
cies of the response peaks follow virtually identical time
courses for the three subjects. The first component (a)
achieves an adult latency at about 50 days; and peak b
at about 120 days. Peak c shows a rapid decrease in
latency until about 70 days and then decreases more
slowly until about 200 days. A longitudinal study of the
development of high contrast achromatic waveforms in
the same three subjects [22] similarly showed smooth
and orderly progression of the major components to
shorter latencies, with the slower components of the
onset response maturing later in development than the
faster components.
In contrast, the amplitudes of these three response
components (Fig. 4B) are much more variable between
subjects, as has been noted by many investigators previ-
ously. In general, for the achromatic responses, the first
peak (a) in the response continues to increase in ampli-
tude and remains much larger than the second peak (b)
throughout the first year. The third peak (c) is also
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Fig. 4. Latencies and amplitudes of the three major peaks in the developing VEP waveforms (peaks a, d, g: shaded symbols; peaks b, e, h: filled
symbols; peaks c, f, i: open symbols) for each of the three subjects (circles, Sam; triangles, Jeff; squares, Erin). (A) Latencies of the peaks of the
responses to achromatic stimuli. (B) Amplitudes of the peaks of the response to achromatic stimuli. (C) Latencies of the peaks for the responses
to L–M-axis stimuli. (D) Amplitudes of the peaks for the response to L–M-axis stimuli. (E) Latencies of the peaks for the responses to S-axis
stimuli. (F) Amplitudes of the peaks for the response to S-axis stimuli.
prominent and continues to increase in amplitude along
with the first peak (a).
Fig. 4C and D show latencies and amplitudes for the
responses to L–M-axis stimuli. The development of the
latencies of the first and second peaks is quite similar
for all three subjects. Early in development, the laten-
cies of all three peaks (d, e, f) in the response parallel
those of the much larger first peak (a) in the achromatic
waveforms, and reach the asymptotic values near 50
days. The latencies of the first peak continue to parallel
the early peak in the luminance response, suggesting
that the small early peak in the L–M waveform may
share a source with the early luminance peak. However,
unlike the response latencies to achromatic stimuli, the
response latencies of the later peaks (e) and (f) continue
to change in a complex manner. In particular, the
second and third peaks consistently show an apparent
increase in latency at about 150–200 days, presumably
as a result of shifting amplitudes and:or latencies of
multiple underlying sub-components. Although these
data appear to reflect large amounts of noise during
this time, inspection of the individual waveforms and
test–retest data (discussed below) confirm that the val-
ues are variable at this time due to the relative change
in amplitudes of multiple components.
Changes in the amplitudes of the peaks of the re-
sponse components for L–M stimuli are also different
than those of achromatic stimuli. The first peak (d) in
the L–M response is small but relatively prominent
early in development, but at about 50–60 days the
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second and third peaks (e, f) dominate the response at
least until one year of age.
Fig. 4E and F show the latencies and amplitudes of
the major peaks in the responses to S-axis stimuli. The
results parallel those of the responses to L–M-axis
stimuli, and stand in contrast to those of the responses
to achromatic stimuli. The responses to S-axis stimuli
become measurable later than those of the L–M-axis
and lag appreciably behind the L–M responses, and do
not reach the minimum values until about 80–90 days.
However, the changes in latencies of the major (second)
peak (h) beyond 90 days closely follow those of the
L–M-axis; as in the case of the L–M response, an
increase in latency is seen at about 200 days. Note also
that as in the adult [13], the latencies of the major peaks
(h, i) of the S-axis responses are about 20 ms longer
than those of the L–M-axis response (peaks e, f) at all
ages beyond 90 days.
The amplitudes of the S-axis responses show a simi-
lar pattern to those of the L–M-axis, with the first
peak (g) being small or immeasurable and the later
peaks (h, i) showing a great increase in amplitude,
dominating the response from around 60 days onward.
Fig. 5 demonstrates within-session reproducibility of
the chromatic waveforms for one subject (Sam) at
various ages. By 42 days the waveforms are quite
consistent for the L–M-axis stimuli. The waveforms for
the S-axis stimuli are just beginning to get consistent at
about this time. Not only the main components but
also the minor fluctuations in the chromatic waveforms
are reproducible, at least at the two oldest ages shown.
The good test-reliability further suggests that the scatter
in the latencies of the L–M and S responses at about
200–300 days, seen in Fig. 4C and E, is not due to
noise or great individual variability in component laten-
cies, but more probably arises from differences in the
relative contribution of sub-components which con-
tribute to this component
Finally, Fig. 6 shows the waveforms obtained from
an obligate red:green color deficient infant (Alex), a
male infant whose mother is red:green color deficient
(deuteranomalous), at 197 days postnatal. Responses
were obtained for different chromatic and achromatic
stimuli. The achromatic stimuli here include a high
contrast (0.8) reversing checkerboard (160 arc min) and
a high contrast (0.99) grating onset. The waveforms for
the obligate color deficient infant (Alex) can be com-
pared with waveforms from an age-matched infant with
presumably normal color vision (Sam). The responses
for the obligate color deficient infant are at least as
large as the color-normal, except for stimuli along the
L–M- or red:green-axis.
The numbers in parentheses indicate the results of a
point-by-point correlation of the waveforms from the
two subjects for each of the stimulus conditions thus
providing a measure of similarity across the two sub-
jects. The correlations are high for the achromatic
reversal and the S-axis stimuli, but lower for the achro-
matic onsets and particularly the L–M response. The
lower correlations between the achromatic onset re-
sponses are consistent with the large individual variabil-
ity seen in adult achromatic onset responses at low
spatial frequencies. The low correlation of the L–M
response is consistent with the obligate color deficient
subject’s inherited condition. Note also that an early
positive component is preserved in the L–M response
of the color deficient subject while the later components
are much reduced.
4. Discussion
4.1. De6elopment of VEP wa6eforms
Examination of the longitudinal development of VEP
waveforms in Figs. 1–4 reveals that the major compo-
nents of the achromatic responses are mature by about
3 months postnatal, while those for the chromatic
Fig. 5. Reproducibility of chromatic waveforms obtained from sub-
ject Sam. L–M-axis responses are shown on the left and S-axis
responses are on the right. The age in days at the time of recording
is indicated in the center. The pairs of waveforms are scaled indepen-
dently from one age to the next, to reveal the fine detail of the smaller
amplitude components.
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Fig. 6. Waveforms obtained from an obligate red:green color deficient infant (Alex) and those from an age-matched color normal infant (Sam)
to achromatic (contrast0.99) and chromatic stimuli. Responses obtained to an achromatic reversing checkerboard are also shown (top). The
correlations between the waveforms from Alex and Sam for each condition are shown in parentheses.
responses continue to change throughout the first year.
During the first 1–3 months postnatal, the achromatic
and L–M waveforms are difficult to discern from one
another, and the S-axis responses are small and vari-
able. During this time, changes in the latency of the
components of the chromatic waveforms parallel those
of the early component in the achromatic waveforms
(Fig. 4) suggesting that they may share similar sources.
After this period, the latencies of the later components
of the chromatic waveforms evolve differently from
those of the achromatic waveforms suggesting disparate
sources.
After 2–3 months, the S-axis waveforms appear very
similar in shape to the L–M-axis waveforms, although
delayed in latency by about 20–50 ms, as they are in
adults [13]. From about 3 months to 1 year, the chro-
matic responses are clearly different from the achro-
matic responses, but still do not appear adult-like. For
example, it is not yet clear which of the negative
components in the infant chromatic waveforms will
emerge into the adult negative response. Preliminary
cross-sectional data in these and additional infants and
older children suggest that the major components con-
tinue to decrease in latency with age up to and beyond
puberty. This extended time for the maturation of the
waveform is reminiscent of that reported for achro-
matic onsets at higher spatial frequencies [23,24].
These comparisons are hindered by the fact that
differences in shape between the responses to chromatic
and achromatic stimuli make a direct comparison of
developmental time courses difficult. In addition, com-
parison of S-axis responses to responses from L–M
and achromatic stimuli is made difficult by the lack of
a widely accepted method for equating stimulus con-
trast across these axes in color space.
4.2. Possible causes of de6elopmental changes
Three kinds of factors might be responsible for the
developmental changes in VEP waveforms described
above. First, changes in the cranium probably account
for the larger amplitudes of VEPs in older infants as
compared with adults, and might conceivably also ac-
count for some of the waveform changes during devel-
opment. However, if cranial changes were the primary
determinant of these developmental changes, then these
changes should be similar for stimuli modulated on all
three axes. Waveform changes that have different mag-
nitudes and developmental time courses for the differ-
ent stimulus conditions are unlikely to be explained by
cranial development alone.
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A second possible cause of developmental changes in
VEP responses is local changes in the geometry or
orientation of the sources. This possibility includes
growth of the brain in such a way as to change the
relative position of the sources from each other and the
VEP electrodes. The present experiments cannot ex-
clude this possibility.
A third possible cause, which we favor, is develop-
mental changes in the characteristics of the underlying
achromatic and chromatic neural mechanisms, includ-
ing the gradual initiation and refinement of chromatic
responses in different cortical regions. This third possi-
bility is assumed in the discussion below.
4.3. Selecti6eness of achromatic, L–M- and S-axis
stimuli
The present experiments employed stimuli that have
been shown to activate the luminance and the two
chromatic mechanisms selectively in the adult [13,25].
The present data support the argument that a consider-
able degree of mechanism separation has also been
achieved in infants. For example, the differences in
waveform shapes and peak latencies between the L–M
and achromatic waveforms seen after 2–3 months post-
natal argue against a single shared source. Similarly, if
the S-axis responses were being produced by luminance
or L–M mechanism artifacts, then the S-axis responses
should have similar waveform shapes, latencies, and
time courses of development as the responses to achro-
matic or L–M-axis stimuli, which they do not.
The results from the obligate color deficient subject
shown in Fig. 5 provide further evidence for the selec-
tiveness of the color axes. For example, the L–M
response in this subject should not have been so greatly
diminished if it was being generated by luminance
mismatches or S cones. Similarly, if the L–M mecha-
nism were contributing to the S-axis response then we
should have observed a loss of the S-axis response in
the color deficient subject, which we do not.
Examination of the L–M waveforms in the color
deficient subject do suggest that the earlier component
of the L–M-axis waveform may reflect luminance
cross-talk, while the later components probably reflect
the response of a true red:green chromatic mechanism.
Continuing experiments are needed to sort out with
certainty which of the components in the early chro-
matic waveforms correspond to responses of the actual
chromatic mechanisms and which may result from lu-
minance cross-talk or possible rod contributions [26].
4.4. Comparisons wiht prior data
Finally, comparisons between onset VEP and prior
indices of infant color vision must be made with cau-
tion. For example, the present data suggest that early in
infancy, the luminance mechanism produces more ro-
bust responses than does the L–M chromatic mecha-
nism. This outcome could suggest the presence of a
differential loss of sensitivity of L–M versus luminance
mechanisms in infancy. In contrast, most of the behav-
ioral data suggest a uniform or near-uniform loss of
sensitivity for achromatic versus L–M mechanisms in
development (reviewed in ref. [4]). The present VEP
results are, however, in agreement with behaviorally
derived suggestions (reviewed in ref. [27]) that the S–
(LM) mechanism may have a later functional onset
than the achromatic and L–M mechanisms in infants.
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